We have observed resonant coherent excitation (RCE) of H-like Ar 17 ions traveling through a 1 m-thick Si crystal at an energy of 391 MeV=u in the nonchanneling condition. A three-dimensional periodic array of atomic planes induces RCE of the nonchanneling ions. The high energy heavy ions together with the thin crystal allow us to observe this new RCE through the measurements of the chargestate distribution of the emerging ions. The observed resonances are much narrower than those of planarchanneling ions due to the absence of the large Stark shift caused by the planar potential. DOI: 10.1103/PhysRevLett.97.135503 PACS numbers: 61.85.+p, 32.60.+i, 34.50.Fa An energetic ion injected into a single crystal in the direction parallel to atomic strings or atomic planes of the crystal moves in open spaces between the strings or the planes without suffering severe collisions with target nuclei and electrons. This phenomenon is called ''channeling''. In addition, the ion passing through the single crystal feels temporally oscillating fields originating from the spatially periodic structure. When one of the frequencies corresponds to the transition energy of the ion, the oscillating field has a chance to resonantly excite the internal state of the ion. This process, called ''resonant coherent excitation'' (RCE), was first pointed out by Okorokov [1] in 1965, and was observed by Datz et al. [2] for the first time through the exit charge-state distribution of axialchanneling ions in 1978. Since then many experiments have been performed using low Z14 and low energy ( MeV=u) ions in the axial-or planar-channeling condition, or in the surface-scattering condition [3, 4] . As shown in Fig. 1(a) and 1(b) , RCEs in the axial-and planarchanneling conditions are induced by a periodic array of atoms along a (one-dimensional) atomic string and by that of atomic strings on a (two-dimensional) atomic plane, respectively. In this context, we may refer to RCE in the axial-channeling condition as ''1D RCE'' and that in the planar-channeling condition as ''2D RCE''. Their features are asymmetric and structured resonance profiles due to the Stark shifts induced by the dynamical wake potential and the static axial or planar potential in the channels. These Stark shifts depend on the ion trajectory determined by the static potential in the crystal, and result in the complicated resonance profiles.
An energetic ion injected into a single crystal in the direction parallel to atomic strings or atomic planes of the crystal moves in open spaces between the strings or the planes without suffering severe collisions with target nuclei and electrons. This phenomenon is called ''channeling''. In addition, the ion passing through the single crystal feels temporally oscillating fields originating from the spatially periodic structure. When one of the frequencies corresponds to the transition energy of the ion, the oscillating field has a chance to resonantly excite the internal state of the ion. This process, called ''resonant coherent excitation'' (RCE), was first pointed out by Okorokov [1] in 1965, and was observed by Datz et al. [2] for the first time through the exit charge-state distribution of axialchanneling ions in 1978. Since then many experiments have been performed using low Z14 and low energy ( MeV=u) ions in the axial-or planar-channeling condition, or in the surface-scattering condition [3, 4] . As shown in Fig. 1 (a) and 1(b), RCEs in the axial-and planarchanneling conditions are induced by a periodic array of atoms along a (one-dimensional) atomic string and by that of atomic strings on a (two-dimensional) atomic plane, respectively. In this context, we may refer to RCE in the axial-channeling condition as ''1D RCE'' and that in the planar-channeling condition as ''2D RCE''. Their features are asymmetric and structured resonance profiles due to the Stark shifts induced by the dynamical wake potential and the static axial or planar potential in the channels. These Stark shifts depend on the ion trajectory determined by the static potential in the crystal, and result in the complicated resonance profiles.
The channeling condition has been required in these experiments to suppress collisions with the crystal atoms, which destroy coherence between the ion states relevant to the transition. This is particularly essential for low Z and low energy ions. However, the ions traveling in arbitrary directions also feel the crystal field oscillating. In principle, RCE does not require the channeling conditions [5] . We report in this Letter the first observation of RCE in the nonchanneling condition by employing a combination of heavy ions (H-like Ar 17 ) with high, moderately relativistic, energy (391 MeV=u) and a thin crystal (1 m-thick Si). The high energy suppresses decoherence processes caused by the collisions even in the nonchanneling condition, and the thin crystal enables us to observe the resonances through the measurements of the exit charge-state distribution of the ions. This RCE is induced by a threedimensional (3D) periodic array of atomic planes in a crystal as shown in Fig. 1(c) . We hereafter refer to this new RCE as ''3D RCE''. 3D RCE inherently has no trajectory dependence of atomic processes, such as the RCE and ionization probabilities and the Stark shift, as a natural consequence of the nonchanneling condition, in contrast to 1D and 2D RCEs. In addition, the planar potential that has induced the large static Stark shift for the channeling ions is not static any more but oscillating for the nonchanneling ions. The frequency of this additional oscillating field is too high for the ion states to adjust, and the resulting ac Stark shift is small. We note that the Stark shift induced by the wake potential is small enough to ignore in this high energy region. Indeed, the observed resonance profiles of 3D RCE turned out to be sharp and symmetric compared with those of 2D RCE in the same crystal. 3D RCE is ideal to study the nature of RCE free from the complicated situation inevitable in 1D and 2D RCEs.
The resonance condition for the transition energy E is given by E h, where h is Planck's constant and is the frequency of the oscillating field induced by an array of atomic planes in the case of 3D RCE. When the array is specified by the reciprocal lattice vector g, the frequency is expressed as g v, where is the Lorentz factor and v the ion velocity vector. In the present experiment with a Si crystal (diamond structure), we define a new set of base lattice vectors to be A ÿ1; 1; 0a=2, B 0; 0; 1a, and C 1; 1; 0a=2 (a: lattice constant) in the original cubic coordinate system, and the base vectors of the reciprocal lattice are expressed as A ÿ1; 1; 0=a, B 0; 0; 1=a, and C 1; 1; 0=a. A reciprocal lattice vector is then represented by g kA lB mC , where (k; l; m) is the Miller index specifying an array of atomic planes in terms of the new set of base vectors. As shown in Fig. 1(c) , we define the angle of the ion velocity with respect to the (004) atomic plane as , and the angle of the ion velocity projected on the (004) atomic plane with respect to the [ 110] axis as . The ion velocity is expressed as v vÂcoscos Bsin Ĉcossin, where v is the absolute value of the velocity, andÂ,B,Ĉ are the unit vectors along A, B, C, respectively. Accordingly, the resonance condition is obtained as,
We can readily prepare the resonance condition by varying the angles and , keeping the ion velocity v constant. When 0 , the incident direction of the ion satisfies the (220) planar-channeling condition regardless of . It is also noted that the extinction rule of the resonance, which originates from the destructive interference of the oscillating fields, is k l m odd or 2k l 4j 2, where j is an integer [6, 7] . We investigated the 3D RCE of a 1s electron to the n 2 states in H-like Ar 17 ions through the measurements of the exit charge-state distribution of the ions as functions of the angles and by tilting the crystal. The beam energy was evaluated to be 391:07 MeV=u, which will be discussed later. Figure 2 bottom shows the relation between and satisfying the resonance conditions for the 1s-2p transitions with the transition energies in vacuum in the investigated range of the angles and . In the planarchanneling condition, the two points on the line of 0 satisfy the 2D RCE conditions for the 1s-2p 1=2 and 1s-2p 3=2 transitions. They are specified by the 2D Miller index k; l 1; 1. As deviating from the planarchanneling condition by increasing , each resonance condition splits into several lines corresponding to the additional Miller index m.
The experimental setup was described in detail elsewhere [7, 8] . The experiments were performed at the Heavy Ion Medical Accelerator in Chiba (HIMAC). A 50 mm-thick collimator with a hole of 0.6 mm in diameter, and a 50 mm-thick horizontal slit of 0.2 mm in width were located 650 cm and 50 cm upstream of the target crystal, respectively. The ions were injected into the Si crystal mounted on a three-axis goniometer. The charge-state distribution of the emerging ions was measured with a combination of a charge separation magnet and a 2D position-sensitive Si detector located 120 cm and 550 cm downstream of the target, respectively. The beam divergence was 0.04 mrad, evaluated by the beam profile on the 2D detector and the configuration of the beam transport.
The thickness of the Si target was measured to be 1:0 m by the energy loss of alpha particles emitted from 241 Am. This thickness is crucial for the observation of 3D RCE as a decrease of the survived Ar 17 fraction. The mean free paths of collisional ionization of the Ar 17 ions are estimated to be 4:3 m for the nonexcited (1s) ions and 1:0 m for the excited (2p) ions, respectively [9] . This means that a large fraction of the nonexcited ions survive from ionization, while a significant fraction of the excited ions are ionized during the travel in the 1:0 m-thick Si.
We first investigated dependence of the survived Ar 17 fraction of the emerged ions under the non-RCE condition. In the (220) planar-channeling condition ( 0:000 ), the fraction was 0.83. It decreased to 0.67 at 0:015 . At > 0:020 , where the ions were not channeling, the fraction took a constant value of 0.72, which was well reproduced by the theoretical estimation [9] .
We next measured the 2D RCE profile, i.e., the survived normalized to the non-RCE value is shown in Fig. 2(a) . The normalized fraction decreases by 3% at maximum on resonance. The resonance exhibits a broad and shallow profile. The fine structure of the 2p 1=2 and 2p 3=2 states, previously observed in the same conditions except the crystal thickness (21 and 94:7 m), is not resolved clearly [10, 11] . We here give a qualitative explanation of this difference as follows. The ions traveling close to the (220) atomic planes have large probabilities of RCE and the subsequent ionization compared to the ions in the channel center. Furthermore, these ions suffer the large Stark shift (5 eV at maximum [7] ) due to the coupling between the 2s and 2p states, which leads to the broadening of the resonance profile for the thin crystal. As the crystal thickness increases, the resonance profile gets deeper. However, the contribution to the profile from the ions close to the atomic planes saturates, and the role of the ions in the channel center is, in turn, emphasized. As a result, the fine structure is resolved. We proceeded to the measurement of the 3D RCE resonance profiles as a function of in the nonchanneling conditions (keeping 0:080 and 0:100 ). As shown in Figs. 2(b) and 2(c) , we found three pairs of distinct decreases of the normalized fraction due to 3D RCE corresponding to k; l; m 1; 1; 2, 1; 1; 0, and (1; 1; ÿ2) . The maximum decrease amounts to 7% at 0:100 . The deeper resonance of 2p 3=2 than 2p 1=2 is basically explained by the higher multiplicity of the 2p 3=2 state.
The remarkable feature of 3D RCE is the drastic narrowing of the resonance profile compared with 2D RCE. Namely, the static Stark shifts of the 2p 1=2 and 2p 3=2 states due to the coupling to the 2s state disappear in the nonchanneling condition. It is explained by the fact that the electric field derived from the (220) planar potential, which induces the static Stark shift for the channeling ions, acts as a rapidly oscillating field on the nonchanneling ions, since the ions traverse the (220) atomic planes many times as shown in Fig. 3 . This oscillating field induces the ac Stark shift, which is, however, small because the frequency of the field is far from the energy differences between the 2s and 2p states. We roughly estimate this small shift in the framework of the standard perturbative treatment of the ac stark shift [12] . The ions in the nonchanneling condition feel the (220) planar field as (3) where d z is the component of the dipole matrix element between the 2s and 2p states along the direction of the (220) planar field (z direction). Note that d z for the 2p 3=2 (jj z j 3=2) states is zero. is the energy difference of 2p from 2s. F m is derived from the crystal potential. We assume that it is represented by a sum of atomic potentials, for which we adopted the Moliére potential with thermal vibration folded. Hereafter, we consider the case of 0:100 . For m 2, the frequency 2 corresponds to 11.4 eV, and d z F 2 for the 2p 1=2 and 2p 3=2 (jj z j 1=2) states are estimated to be 2.3 eV and 3.1 eV in the projectile frame. Then, using ÿ0:16 and 4.7 eV for the 2p 1=2 and 2p 3=2 (jj z j 1=2) states [13] , the shifts are evaluated to be 0.0033 and ÿ0:21 eV, respectively. The higher m components make only a minor contribution. Thus, we do understand that the shift in the nonchanneling condition is much smaller than that in the channeling condition. It is to be pointed out that the present perturbative treatment cannot be applied at smaller angles of where the frequencies m approach the energy difference between 2s and 2p 1=2;3=2 . Generally, the traveling ions feel many oscillating fields with a variety of frequencies in the crystal simultaneously. It is possible to make two such frequencies satisfy the 3D RCE conditions for different transitions by varying the angles and , keeping the ion velocity constant. That is, a double resonance can be realized, and we indeed observed quite characteristic profiles, which will be reported separately.
The full widths at half minimum of the resonance dips for 1s-2p 1=2 and 1s-2p 3=2 transitions at 0:100 are about 2 eV. The widths originate not only from relaxation of the coherence between the 1s and 2p states, but also from the non-negligible velocity distribution and beam divergence. Thus, the widths are regarded as the upper limit of the relaxation rate of the coherence, and it is estimated to be 1:6 10 15 s ÿ1 . This rate is lower than the frequency at which the ion traverses the (220) atomic planes, indicating that the coherence of the ion is kept even when the ion goes through the high atomic density region of the (220) atomic plane.
Finally, we describe how we evaluated the beam energy. The resonance angles , and the transition energies E give a beam energy from Eq. (1) for each resonance. We calculated beam energies for the six resonances at 0:100 , using the transition energies in vacuum. By averaging them, we obtained a value of 391:07 MeV=u. Note that the ac Stark shifts discussed above affect only the last digit of this beam energy.
In summary, we have succeeded in observing 3D RCE of nonchanneling ions by adopting high energy heavy ions and the thin crystal. The high energy suppresses decoherence between the ion states relevant to the transition, and the thin crystal allows us to observe the resonance in the nonchanneling condition through the measurements of the charge-state distribution of the emerging ions. The 3D resonance profile is drastically narrower than the 2D resonance profile in the planar-channeling condition. The planar potential inducing the large static Stark effect in 2D RCE is not static but oscillates in the projectile frame of the nonchanneling ion. The observed narrowing is explained by the small ac Stark shift due to this oscillating field.
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